Speed Sensorless Control with a Linearization by State Feedback of Induction Machine with Adaptation of the Rotor Time-constant Using Fuzzy Regulator Powered by Photovoltaic Solar Energy  by Larabi, A. et al.
 Energy Procedia  18 ( 2012 )  235 – 244 
1876-6102 © 2012 Published by Elsevier Ltd. Selection and/or peer review under responsibility of The TerraGreen Society.
doi: 10.1016/j.egypro.2012.05.035 
Speed sensorless control with a linearization by state feedback 
of induction machine with adaptation of the rotor time-
constant using fuzzy regulator powered by photovoltaic solar 
energy 
 
A.Larabi a, K. Yazida, M.S.Boucherit b 
 
                        a- Laboratory of the electric and industrial systems, USTHB BP. 32 El-Alia, Bab-Ezzouar, Algiers, Algeria 
larabiabdelkader@yahoo.fr 
                           b -Process Control Laboratory, ENP, BP. 182, 16200, El-Harrach, Algiers, Algeria 
ms_boucherit @yahoo.fr 
 
Abstract 
 
In this paper, we show that the association of the PI regulators for the speed and stator currents with a control strategy 
using the linearization by state feedback for an induction machine without speed sensor, and with adaptation of rotor 
time constant powered by a solar photovoltaic energy. The solar photovoltaic energy nowadays, is one of the 
renewable energies sources present in various domains of applications. Moreover, the photovoltaic generator (PVG) 
output voltage depends of several climatic factors, such as the irradiations and the temperature. To overcome these 
problems, one must carries out an adequate sizing and exploits the maximum power available at the level of the 
(PVG). Thus the proposed structure in our work is constituted of one PV generator associated to a (DC/DC) converter 
controlled by using a technique of maximum power point tracker (MPPT). To adapt the rotor time constant, we 
proposed fuzzy tuning mechanism based on the reactive power of the machine in the permanent regime. The rotor 
speed is estimated by using the model reference adaptive system approach (MRAS).  This method consists of using 
two models: The first is the reference model and the second is an adjustable one in which two components of the 
stator flux, obtained from the measurement of the currents and stator voltages are estimated. The estimated rotor 
speed is then obtained by cancelling the difference between stator-flux of the reference model and those of the 
adjustable one. Satisfactory results of simulation are obtained and discussed in this paper to highlight the proposed 
approach.  
   
Keywords: Asynchronous actuator, PI Regulator, adaptive method with reference model, Vector control, solar energy. 
 
1. Introduction 
With the advent of automated production, the control became the operation consisting in creating a 
strong dependency between an articulated system and its command.  As usual, induction actuators 
influence the articular variables of a robot; the position control is realized through a suitable action on 
their command. 
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The vector control allows having a decoupling between torque and flux of the machine and 
consequently dynamic performances similar to those of a DC machine are achieved [1, 2]. Its 
implementation based on a linear approximation of the machine dynamics around the operation point 
does not allow having a good compensation of the machine non-linear model, in particular, for the 
disturbed and the transitory modes. In order to solve some specific problems related to vector control and 
ensure a decoupling whatever the machine operation mode, the usage of nonlinear commands become 
unavoidable [3,4]. Among these nonlinear techniques, we can quote the control using the linearization 
strategy by state feedback. However, from literature studies, PI regulators strongly depend on the machine 
parameters in particular the rotor time-constant (Tr). A bad identification of these parameters or a bad 
estimation of the variables to be controlled will lead to a deterioration of the adjustment performances 
especially when the machine is loaded. The command also asynchronous motor (MAS) requires precise 
knowledge of the rotor position which ensures the autopilot of the machine. This knowledge can be 
obtained directly by a position sensor or indirectly by a speed sensor. The drawbacks inherent in the use 
of mechanical sensor placed on the shaft of the machine, are multiple. First, the presence of mechanical 
sensor increases the volume and the overall system cost. Furthermore the installation of this sensor is 
sensitive and reduces the reliability of the system especially for small size machines.Taking into account 
all these limitations that this operation of the machine with mechanical sensor, many studies have been 
made to remove this mechanical sensor while maintaining the smooth operation of the machine. These 
studies have shown various methods all based on the use of certain characteristic quantities of the 
machine such as currents and stator voltages to estimate the position or speed [4,5,6,7,8,9,10,11,12].The 
speed is estimated using the adaptive method with reference model (MRAS). Tamai [10] has proposed 
one speed estimation technique based on the Model Reference Adaptive System (MRAS) in 1987. Two 
years later, Schauder [11] presented an alternative MRAS scheme which is less complex and more 
effective. The MRAS approach uses two models. The model that does not involve the quantity to be 
estimated (the rotor speed, Ȧr) is considered as the reference model. The model that has the quantity to be 
estimated involved is considered as the adaptive model (or adjustable model). The output of the adaptive 
model is compared with that of the reference model, and the difference is used to drive a suitable adaptive 
mechanism whose output is the quantity to be estimated (the rotor speed). The adaptive mechanism 
should be designed to assure the stability of the control system. A successful MRAS design can yield the 
desired values with less computational error (especially the rotor flux based MRAS) than an open loop 
calculation and often simpler to implement. The MRAS method is to develop two models, one reference 
and one adjustable to estimate two components of the stator flux from the measurement of stator currents 
and voltages. The estimated speed is obtained by cancelling the gap between the stator flux reference 
model and those of the adjustable model, while using the hyperstabilité theory for the adaptive 
mechanism. The high dependency on motor’s parameter is one of the characteristics of the MRAS 
estimator and the performance of the vector control [10],[11].  
In our case, a solution is obtained through the association of the PI regulators for the speed and stator 
currents with a control strategy using the linearization by state feedback for an induction machine without 
speed sensor, , and with adaptation of rotor time constant powered by a solar photovoltaic energy. The 
solar photovoltaic energy nowadays, is one of the renewable energies sources present in various domains 
of applications. Moreover, the photovoltaic generator (PVG) output voltage depends of several climatic 
factors, such as the irradiations and the temperature. To overcome these problems, one must carries out an 
adequate sizing and exploits the maximum power available at the level of the (PVG). Thus the proposed 
structure in our work is constituted of one PV generator associated to a (DC/DC) converter controlled by 
using a technique of maximum power point tracker (MPPT). To adapt the rotor time constant, we 
proposed fuzzy tuning mechanism based on the reactive power of the machine in the permanent regime. 
This latter is adapted to the adjustment in comparison to conventional methods, and allows to obtain a 
powerful and robust command with respect to uncertainties on the external parameters and disturbances. 
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Simulation results presented are very good at the end of this section to show the merits of the proposed 
method. 
 
II. Principle of the Linearization by State Feedback  
 
   The control of the system is governed by the following state equation:  
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dx )()( += ,                                                                  (1) 
Where: 
- f(x) and g(x) are nonlinear functions of the state variable x;  u represents the command vector 
applicable to the system. 
Each output ix  is derived several times until one of the components of the control vector appears. Thus, 
the following equation is obtained:   
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The flowchart of figure (1) is obtained by the linearization by state feedback, which transforms the 
original system into a linear and decoupled equivalent system with the condition that the decoupling 
matrix is non-singular.   
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2.1 law of control  
 
Since the system is linearisable, it is possible to impose on it the desired dynamics. In our case we 
considered the control law given by equation 5. 
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Where 21 vetv  are the outputs of the PI regulators of the stator currents appearing in the schema 
block (figure.9).  
 
3. Speed estimation by the MRAS technique 
 
The MRAS technique is used in sensorless IM drives, at a first time, by Schauder [11], [3]. Since this, 
it has been a topic of many publications. The MRAS is important since it leads to relatively easy to 
implement system with high speed of adaptation for a wide range of applications. The basic scheme of the 
parallel MRAS configuration is given in figure2. The scheme consists of two models; reference and 
adjustable ones and an adaptation mechanism. The block “reference model” represents the actual system 
having unknown parameter values. The block “adjustable model” has the same structure of the reference 
one, but with adjustable parameters instead of the unknown ones. The block “adaptation mechanism” 
estimates the unknown parameter using the error between the reference and the adjustable models and 
updates the adjustable model with the estimated parameter until satisfactory performance is achieved. 
 
 
 
Fig.2. Model reference estimation structure 
 
According to the general structure of the adaptive mechanism, the speed estimation is a function of the 
error. It is given by: 
                                                       21ˆ PAAp r +=ω                                                                               (6) 
 
Functions A1 and A2, are calculated starting from the inequality of Popov. Then, we obtain:   
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      Where 21 KandK : positive constants are called profits of adaptation. 
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          Fig.1. Flowchart of the linearization by state feedback 
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4. Estimate of Rotor time-constant 
 
   For the adaptation of the rotor time-constant we used a method based on calculation of the reactive 
power of the machine with permanent rate [13], as this energy is related to rotor flux rφ , any difference 
between the current value of ∗rT  and the estimated value rT  corresponds to a variation of rotor flux and 
reactive energy. By modifying the estimated value of the rotor time-constant, we can minimize the change 
of reactive energy.   
   The reactive power of the machine with permanent rate is given by the following expression:   
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   By making the equality between (8) and (10), we define the function F by gathering the terms 
depending only on the tensions and the currents:    
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The function F can be expressed according to rotor flux as follows:   
                                  )( dsdrqsqrs
r
m
ds
qr
r
m
qs
dr
r
m ii
L
L
i
dt
d
L
L
i
dt
d
L
L
F ϕϕω
ϕϕ
+−−=                                              (12) 
By introducing the conditions of orientation of rotor flux into the equation (12) we define F  
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In permanent mode the function F becomes:   
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   That shows that an error on rT causes another on F, F is used for the correction of rT . The variation of 
machine parameters especially the rotor resistance to a negative effect on the performance of the 
estimator and the performance of the command considered. For the adaptation of the rotor time constant 
we proposed fuzzy tuning mechanism is used to avoid this problem (figure.3).  
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Fig.3. Diagram of adaptation rT   
 
 
5. Fuzzy Logic Controller used 
 
The structure of the fuzzy controller used that is proposed by Mamdani, because the majority of the 
developed controllers use the  diagram suggested by this last for the systems mono input/mono output.  Its 
basic structure is represented hereafter [15]: 
                                                 
Fig.4. fuzzy logic controller block diagram 
 
The input and output variables for the fuzzy PI controller must be clearly defined. 
The input variables are the error ke  and the change keΔ . At a sampling point k, ke  and keΔ  are 
expressed as follows:  
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   The normalized values are:  Where eG , eGΔ , uGΔ are a proportional gains. 
   The output variable is obtained by the following equation:    kUkk UGUU Δ∗+= Δ−1                         (17)   
                                             
    We selected seven membership functions with overlap, of triangular shape and of equal width, are used 
for each input variable, so that a 49-rule base is created. 
 
For fuzzy PI component output of the controller, again with normalized domain, we elected to use 
seven singleton functions, spacing them evenly between ±1; inclusive.  
 The output membership singleton is presented by the following scheme: 
 
 
                                                     
Fig.5.c Output membership singletons for variable UΔ  
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   Output singletons are evenly spaced over the domain. Function and singleton definition was largely 
arbitrary and was not changed as the system was tuned. 
   Owing to the membership singleton for output variable, gravity center formula is simplified as: 
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Where m is the all number of the rule bases. 
 
6. Modelling of photovoltaic generator 
 
    For an array with Ns series connected cells and Np parallel connected panels, the array current may be 
related to the array voltage as [14]: 
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   All the symbols in Eq. (19) can be defined as: 
Ipv: PV array output current;                                   Rsh: PV array shunt resistance; 
Vpv: PV array output voltage;                                 n: ideality factors; 
Isc: light-generated current;                                    q: electronic charge; 
IS: reverse saturation current;                                 K: Boltzmann’s constant; 
Rs: PV array series resistance;                                T: cell temperature. 
 
   We assume that the array temperature is equal to reference temperature (Ta ¼ 300 K). Since the shunt 
resistance Rsh is much greater and the series resistance 
Rs is much smaller, the last term in Eq. (20)  
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                                                                                     Fig. 6.  Boost converter DC/DC. 
 
   There are many algorithms that are used to control the MPPT. The algorithms that are most commonly 
used are the perturbation and observation method (P&O), dynamic approach method and the incremental 
conductance algorithm. The P&O method is used because of its simplicity. 
Perturbation and observation (P&O) method has a simple feedback structure and fewer measured 
parameters. It operates by periodically perturbing (incrementing or decreasing) the array terminal voltage 
and comparing the PV output power with that of the previous perturbation cycle. If the perturbation leads 
to an increase (decrease) in array power, the subsequent perturbation is made in the same (opposite) 
direction. In this manner, the peak power tracker continuously seeks the peak power condition.  
 
   The “Fig. 7” shows well that one approaches in each case the maximum power point. 
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Fig.7. Power – Voltage characteristic. 
7. Digital simulation 
 
   The “Fig .8” shows the proposed structure. It is composed of an Asynchronous motor powered by a 
photovoltaic generator and a stockage of batteries towards a voltage inverter, controlled by the vector 
control. 
   
                                            
Fig.8. Principle of the control system proposed. 
 
   The schema block of vector control by orientation of rotor-flux without speed sensor of the induction 
machine fed by PWM inverter, by using PI regulators for the speed and stator currents is given by the 
figure 9.   
                                    
Fig.9. schema block control with a linearization by return of state of the induction machine by using PI regulators 
   Figures.10.a, b, c, d, shows the dynamic responses of the adjustment by orientation of the rotor-flux 
algorithm of the asynchronous machine supplied by PWM inverter. The stator-currents are controlled by 
PI regulators.  
   These figures represent the dynamic responses real speed, estimated, of reference, the torque and rotor  
flux at a step speed of 100 rd/s followed by an application of a  load equal to the nominal torque between 
0.5 sec, then of an  inversion speed from 2 sec in the following cases: 
 
          - Without variation of the rotor time-constant rT  
          - Reduction of 50% of the rotor time-constant rT  
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   According to the simulation results obtained, we note that decoupling "Torque-flux" is maintained as 
well show the dynamic responses of rotor flux in particular when applying a load torque and the abrupt 
reversal of speed and we present a variation of the rotor time constant. So the direction of flow remains 
unchanged, and for the performance speed. 
 
   This shows that proposed method control provides a robust vector control vis-à-vis the entry deposit 
and disruption in the presence of the variation in rotor time constant. 
 
   Fig.10.b, the variation of rotor time constant leads to a misalignment of the rotor flux, especially when 
the machine is loaded and speed is reversed, which introduces a coupling between the flux and torque. 
This coupling can lead to instabilities of the control system. 
 
   Fig.10.c and 10.d, we note that decoupling "Torque-flux" is maintained and show the dynamic 
responses of rotor flux in particular when applying a load torque and the sudden reversal of speed in the 
presence of variation of rotor time constant. Thus, the flow direction remains unchanged and for the 
performance speed. This is achieved through the adaptation of rotor time constant. This shows that the 
control method provides a vector control robust to perturbations in the presence of variations in rotor time 
constant. 
 
 
 
                
 Fig. 10.a Simulation of the vector control without speed sensor        Fig. 10.b Simulation of the vector control without speed  
                      and without variation of rT .                          Sensor with a 50% reduction of rT at  t=0.5sec, without                                 
                                                                                              Adaptation of rotor time constant 
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   With adaptation of rotor time constant (Fig.10.c, Fig. 10.d) 
 
                                   
  Fig.10.c Simulation of the vector control without speed sensor             Fig. 10.d Simulation (for low speed) of the vector control 
                  with a 50% reduction of rT at  t=.5sec.                                without speed sensor with a 50% reduction of rT at  t=.5sec .                           
 
8. Conclusion 
 
The results obtained carry out us to conclude that the strategy of control used offers good performances 
as well as an insensitivity with respect to the disturbances internal  and  external, such as  the  level  
speed, the  load torque, in the presence of variations of the parameters of the  machine  in  particular the  
rotor time-constant, and a speed of adaptation compared. We also note that the decoupling between torque 
and flux is achieved. This demonstrates the robustness of the control algorithm used, even in the case of 
low speed. This association could be used for numerical control machine tools where the parametric 
variations are frequent.    
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